Background: Cerebrospinal-fluid (CSF) drainage is recommended by current guidelines for spinal protection during open and endovascular repairs of thoracic and thoraco-abdominal aortic aneurysms. In the published literature, great variability exists in the rate of CSF-related complications and morbidity. Herein, we perform a systematic review and metaanalysis on the incidence of CSF drainage-related complications, and compare the complication rates between open and endovascular repairs. Methods: The systematic review was conducted according to the Meta-Analysis of Observational Studies in Epidemiology guidelines. Thirty-four studies (4714 patients) were included in the quantitative analysis. The CSF drainage-related complications were categorised as mild, moderate, and severe. Pooled event rates for each complication category were estimated using a random-effect model. Random-effect uni-and multivariable meta-regression analyses were used to assess the effect of aortic-repair approach (open vs endovascular) and the CSF drainage criteria on CSF drainage-related complications. Results: The pooled event rates were 6.5% [95% confidence interval (CI): 4.3e9.8%] for overall complications, 2% (95% CI: 1.1e3.4%) for minor complications, 3.7% (95% CI: 2.5e5.6%) for moderate complications, and 2.5% (95% CI: 1.6e3.8%) for severe complications. The drainage-related-mortality pooled event rate was 0.9% (95% CI: 0.6e1.4%). The uni-and multivariable meta-regression analyses showed no difference in complication rates between the open and endovascular approaches, or between the different CSF drainage protocols. Conclusion: The complication rate for CSF drainage is not negligible. Our results help define a more accurate riskebenefit ratio for CSF drain placement at the time of repair of thoracic and thoraco-abdominal aneurysms.
Paraplegia remains one of the most feared complications after open and endovascular repairs of descending thoracic or thoraco-abdominal aortic aneurysms (DTA/TAAA). 1, 2 Cerebrospinal-fluid (CSF) drainage is widely used in this setting for spinal-cord protection. Although CSF drainage has been shown to significantly decrease the incidence of spinalcord ischaemia (SCI), the drain procedure itself is invasive and not without risks. 3e7 To date, only isolated single-centre reports on CSF drainage have been published, and great variability exists in the reported incidence of CSF-related complications and morbidity. For this reason, a general and objective estimate of the risk associated with the procedure is difficult to ascertain.
In order to overcome this limitation, we performed a systematic review and meta-analysis on the incidence of CSFrelated complications in thoracic and thoraco-abdominal aortic repairs. We used uniform definitions to classify the complications, and we compared complication rates for open and endovascular approaches.
Methods
This systematic review and meta-analysis was conducted in compliance with the Meta-Analysis of Observational Studies in Epidemiology (MOOSE) guidelines and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement. 8, 9 Supplementary Table 1 illustrates the MOOSE guidelines checklist.
Study selection criteria
Randomised controlled trials (RCTs), prospective studies, and retrospective studies were included in this systemic review and meta-analysis (articles from 1990 to 2017). All articles reporting data on the intervention and outcomes of interest in human subjects were included. There were no date or language restrictions. Critical appraisal of eligible studies was assessed using the NewcastleeOttawa Quality Assessment Scale for Cohort Studies (Supplementary Table 2 ). Studies with scores of 6 or more were included in our meta-analysis.
Participants, interventions, and outcomes
Patients undergoing DTA or TAAA repair who had perioperative CSF drainage were included.
Outcomes of interest included the development of CSF drainage-related postoperative morbidity and mortality, as reported in each article. The postoperative adverse events studied were categorised into severe complications [epidural haematoma, intracranial haemorrhage (ICH), subarachnoid haemorrhage, meningitis, and catheter/drainage-related neurological deficit], moderate complications [spinal headache, CSF leak requiring intervention (i.e. blood patch or suturing), and drain fracture requiring or not requiring surgical removal], and minor complications (puncture-site bleeding, bloody spinal fluid, CSF leak not requiring intervention, hypotension, drain fracture left in place, and occluded/dislodged catheters). If one patient had two or more complications of the same category, we counted them as one, and if the patient suffered from multiple complications of different categories, we counted the more severe one. The case fatality rate was defined as the proportion of CSF drainage-related deaths within patients undergoing CSF drainage for repair of thoracic or thoraco-abdominal aortic pathologies.
SCI was defined as any clinically evident neurological deficit.
Search strategy and data extraction
On March 21, 2017, two medically qualified reviewers conducted a systematic literature search that screened the titles and abstracts of studies identified by searching the electronic databases of PubMed and Scopus for articles published in all languages after 1990. Searches were performed using Medical Subject Headings (MeSH) used by the National Library of Medicine. The MeSH terms used to produce the search were {('aort*' [All Fields] AND spin* [All Fields]) AND 'drain*' [All Fields]}. A third independent reviewer (M.G.) confirmed adequate study selection based on the predefined inclusion and exclusion criteria. Moreover, references of selected articles, case reports, systematic reviews, and meta-analyses studying CSF drainage in patients undergoing aortic surgery were cross-checked and back referenced for additional relevant studies. Multiple publications studying the same patient population were identified, and studies with the most recent, complete data were included in the final analysis. Studies that did not report adequate information on a particular outcome were not included in that event analysis.
Strategy for data synthesis and statistical analysis
Risks of postoperative morbidity and mortality were pooled on a logarithmic scale using a random-effect model (inverse variance method).
The Cochran Q statistic and the I 2 test were used to assess the heterogeneity of the studies. If significant heterogeneity was detected (I 2 >75%), a leave-one-out sensitivity analysis was performed to assess for a single-comparison-driven inference. Univariable and multivariable meta-regression analyses (methods of moments) were performed to assess for potential causes of heterogeneity, and to assess for the effect of catheter size, targeted CSF pressure, rate of CSF drainage, drainage duration, amount of CSF drained, aneurysm type, and surgical approach on postoperative complications.
Funnel plots and the Egger regression test were used to assess for potential publication bias in the meta-analysis of overall complications. If publication bias is suspected, visual assessment of cumulative forest plot and classic and Orwin's fail-safe N tests were used for further assessment. If Although cerebrospinal-fluid (CSF) drainage has been shown to significantly decrease the incidence of spinalcord ischaemia, the drain procedure itself is invasive and not without risks. This study estimates the pooled incidence of CSF drainrelated complications. The pooled event rates of all complications were 6.5% with the rates of minor, moderate, and severe complications being 2%, 3.7%, and 2.5%, respectively. significant publication bias was found, Duval and Tweedie's trim-and-fill method was used to adjust for the possible bias.
Comprehensive Meta-Analysis version 3.0 (2014, Biostat, Inc., Englewood, NJ, USA) was used for the statistical analysis.
Results

Literature search
The literature search identified 732 potentially eligible articles. An additional 1516 articles were identified through other sources (references of selected articles, case reports, systematic reviews, and meta-analyses). As illustrated in the PRISMA flow diagram (Fig. 1) , the final analysis included 34 articles.
Studies and participant characteristics
The 34 articles included in this meta-analysis studied 6593 patients who underwent DTA/TAAA repair between July 1983 and May 2015 (published 1990e2017). Of these studied, CSF drainage was used in 4714 patients. The mean incidence of SCI reported in the selected studies was 7% (SD 8%) (median 5%, inter-quartile range 1.3e9.6%). Characteristics of patients who had CSF drainage could be extracted from 16 studies [mean age 66 (SD 4), male gender 1077/1774 (61%)]. Of the 34 articles included, 3 were RCTs, 3 were prospective studies, and 28 were retrospective reviews. Open repair was performed in 15 articles, endovascular repair was performed in 14, both open and endovascular repairs were included in 4 studies, and in 1 study a hybrid approach was performed (open reno-visceral revascularisation and thoraco-abdominal aortic endografting). From the 34 articles included, 32 articles reported all the outcomes, whilst 2 studies limited their analysis to one complication only (headache and subdural hematoma). The characteristics of included studies are summarised in Table 1. The CSF drainage criteria (catheter size, targeted pressure, rate of drainage, drainage duration, and amount drained) used in the selected studies and aneurysm types are summarised in Table 2 .
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Four hundred and sixty-seven complications were observed in the studied cohort. Of these, 117 were mild complications, 221 were moderate complications, and 129 were severe complications. The most common complications encountered were headache (n¼183), puncture-site bleeding/bloody CSF (n¼99), and ICH/subarachnoid haemorrhage (n¼73). Fifteen patients had CSF drain-related mortality. The details of crude rates of CSF drainage-related adverse events and of intervention required for their management are listed in Table 3 .
Meta-analysis of adverse postoperative events
The pooled event rates were 6.5% [95% confidence interval (CI): 4.3e9.8%] for overall complications, 2.0% (95% CI: 1.1e3.4%) for minor complications, 3.7% (95% CI: 2.5e5.6%) for moderate complications, 2.5% (95% CI: 1.6e3.8%) for severe complications, and 0.9% (95% CI: 0.6e1.4%) for drainagerelated mortality. When all drain fractures (independently from the need for surgical intervention) were classified as moderate, the pooled rates of moderate and minor complications were 3.8% (95% CI: 2.5e5.7%) and 1.9% (95% CI: 1.1e3.4%). The pooled event rates of specific postoperative complications are shown in Supplementary Table 3 . Forest plots of overall, minor, moderate, and severe complications, and CSF drainage-related mortality are shown in Figures 2 and  3 and Supplementary Figure 1 . The visual assessment of publication-year cumulative-analysis forest plot showed no significant changes in the incidence of CSF drainage-related complications over the publication years ( Supplementary  Fig. 2 ). Significant heterogeneity (I 2 >75%) was identified in the meta-analysis of overall complications, minor complications, moderate complications, and headache. The leave-one-out sensitivity analysis of these studies confirmed these results. The pooled event rate ranged from 5.8% (95% CI: 3.6e9.3%) to 7.4% (95% CI: 5.0e9.8%) for overall complications, from 1.7% (95% CI: 0.9e3.3%) to 2.3% (95% CI: 1.3e3.9%) for minor complications, from 3.3% (95% CI: 2.0e5.2%) to 4.6% (95% CI: 3.1e6.6%) for moderate complications, and from 2.9% (95% CI: 1.7e4.9%) to 3.9% (95% CI: 2.5e5.9%) for headache.
Meta-regression analysis
The aneurysm extent, approach, and procedural variables of the CSF drainage protocol used (e.g. catheter size, targeted pressure, rate of drainage, drainage duration, and amount drained) did not influence effect-size estimates for overall, minor, moderate, and severe complications ( Table 2 ). This result was confirmed at multivariable meta-regression (Supplementary Table 4) . No association was found between drain size and headache: e0.63 (e2.28 to 1.01); P¼0.451.
Assessment of publication bias
Potential publication bias in the meta-analysis of overall complications pooled event rate was suspected by the visual assessment of the funnel plot ( Supplementary Fig. 3 ), which was further confirmed by the visual assessment of the cumulative analysis forest plot and Egger test (intercept e2.6, 95% CI:
e4.1 to 1.1; P¼0.001). Classic and Orwin's fail-safe N tests were used for further assessment of publication bias. The number of missing studies that would bring the P-value to >a was 7878 studies using the classic fail-safe N test, and the number of missing studies that would bring the P-value to <1% is 946 studies by Orwin's fail-safe N test. In other words, 7878 missing studies would be needed to deny any harm associated with CSF drainage and 946 to bring the estimate risk to <1%. The huge number of studies that would have to be added to alleviate the observed adverse events associated with CSF drainage, as identified by the fail-safe N test, implies that publication bias was unlikely. However, for further confirmation, Duval and Tweedie's trim-and-fill method was used to adjust for possible bias. The observed pooled event rate was 6.5% (95% CI: 4.3e9.8%) and the adjusted pooled event rate was 11.2% (95% CI: 7.7e16.0%). The funnel plot showing the observed and imputed studies adjusted by Duval and Tweedie's trim-and-fill method is shown in Supplementary Figure 4 .
Discussion
Paraplegia is one of the most devastating complications of open and endovascular repairs of DTA and TAAA. Postoperative paraplegia not only has dramatic effects on the patients' quality of life, but is also an independent predictor of reduced long-term survival. 1, 5, 6 Although improvements in surgical technique and perioperative management have reduced the rate of postoperative paraplegia over the years, its incidence remains significant both in open and endovascular series. 6,10e15 In the largest single-centre experience of open DTA/TAAA repair published to date, the paraplegia rate was 9.6%, 11 although more recent series have quoted lower incidences (4e8%). 6, 10, 12, 13, 16 The pathophysiological explanation for postoperative paraplegia almost invariably includes SCI. SCI may be caused by intra-procedural hypotension, surgical or endovascular occlusion of the aorta, interruption of blood flow in the intercostal and lumbar arteries originating from the replaced aorta, or embolism. 13 The risk factors for SCI include emergency surgery, aortic dissection, extent and location of the aneurysm, prior aortic abdominal surgery, age, and level and length of aortic cross-clamping. 13 Techniques have been used to attempt to decrease SCI with varying success. Permissive hypertension; use of open distal technique; use of partial bypass; local or systemic hypothermia; reattachment of intercostal arteries; monitoring of somatosensory and motor evoked potentials; use of spinal nearinfrared spectroscopy; and administration of steroids, papaverine, barbiturates, or naloxone have all been used alone or in different combinations. 17e21 CSF drainage is the only method aimed at mitigating SCI during TAAA/DTA repair supported by randomised evidence. 6 It is currently a Class IB indication in the US guidelines and a strong recommendation in high-risk patients in the European guidelines.
14, 22 The use of CSF drainage is based on the assumption that spinal perfusion pressure is determined by mean arterial pressure minus CSF pressure (or central venous pressure), so that a reduction in CSF pressure should increase spinal blood flow. In 2002, Coselli and colleagues 6 performed a randomised trial including 145 Extent I and Extent II aneurysm repairs. They reported an 80% reduction in the relative risk of paraplegia using CSF drainage (from 13% to 2.6%). 6 Further studies confirmed lower incidences of paraplegia after TAAA/DTA repair using CSF drainage. 10,12e14 A recent meta-analysis pooling together 10 studies and 2103 patients reported a 58% relative reduction in the risk of paraplegia when using CSF drains during open TAAA/DTA repair (odds ratio 0.42; 95% CI 0.25e0.70). 23 Of note, the authors did not find the drain to be protective against late paraplegia (odds ratio 0.73; 95% CI 0.29e1.81). However, CSF drain insertion is an invasive procedure associated with potential complications. To date, all the studies on CSF-related complications have been from single centres, with great variability in the CSF drain protocol used and in the definition of complications. In addition, most of them had limited sample size, making the rate of CSF drainrelated complications difficult to estimate. In our systematic review, we found that the incidence of CSF-related complications varied considerably in the published studies (range 0e47%).
We aimed at overcoming these limitations and at providing an objective estimate of the risk of CSF drain-related complications by using a meta-analytic approach. We pooled data from 34 studies and 4716 patients. To maximise homogeneity, we reviewed the definitions used in individual studies, and recategorised CSF drain-related complications as mild, moderate, and severe.
In our analysis, the pooled event rate of any complication was 6.5%, and of minor, moderate, and severe complications were 2%, 3.7%, and 2.5%, respectively. The most common adverse events were bloody CSF, spinal headache, and subarachnoid haemorrhage. The CSF drain-related mortality pooled event rate was 0.9% with all deaths occurring after severe complications. Of note, the incidence of major and minor complications was similar, suggesting that, if a complication occurs, it is likely to have a significant and lasting impact on the patient. The meta-regression analysis showed no difference in complication rates between patients who underwent open and endovascular repairs.
ICH, epidural haematoma, meningitis, and neurological deficits were classified as severe complications. Haemorrhage represented the greatest relative percentage of serious complications, with a pooled event rate of 1.8%, with 6.8% of the patients requiring surgical intervention, and an overall case fatality of 13.7%. In contrast with previous retrospective studies that quoted spinal haematoma as very rare, 10 we found a pooled event rate for epidural haematoma of 1.7%, with a 21.6% rate of need for intervention. Meningitis, the rarest of the serious complications, accounted for 0.1% of the total complications, with 16.7% of the patients requiring surgical intervention. Of note, 33% of the patients who developed meningitis died as a result of the complication. We defined CSF leak requiring intervention (i.e. blood patch or suturing), spinal headache, and CSF drain fracture requiring surgical removal as moderate complications. The most common of them were headache (pooled event rate 3.3%) and CSF leak with or without spinal headache (pooled event rate 1.3%). Slightly more than a third (36%) of patients with headache required epidural blood patch, whereas 90.9% of patients with CSF leaks required intervention (blood patch or skin suture).
We defined puncture-site bleeding, bloody spinal fluid, CSF leak not requiring intervention, hypotension, drain fracture not requiring intervention, and occluded/dislodged catheters as minor complications. Puncture-site bleeding or bloody spinal fluid represented 2.1% of overall complications. All of these cases were managed conservatively. Drain failure (dislodgement/occlusion) was observed in 0.1% of the cases. Whilst not directly causing harm to the patient, drain failure could potentially increase the risk of paraplegia caused by the inability to modulate spine perfusion pressure. Drain fracture or retained catheter is a rare, but potentially serious complication if it requires removal. The rate of drain fracture was 0.15%, with 42.9% of the cases requiring intervention.
Intuitively, variations in the size of the catheter used, targeted spinal-cord pressure for drainage, amount of CSF drained, and duration of catheter could impact the incidence of CSF drain-related complications. However, we did not find any correlation between any of the previous factors and the incidence of CSF drain-related complications in either uni-or multivariable meta-regression. Our study attempts to estimate the pooled incidence of CSF drain-related complications systematically. Despite the rigorous methodological approach, several limitations need to be acknowledged. There was considerable variability in the type of drain and methods used for CSF drainage, surgical approach, patient characteristics, sample size, and definition of individual complications. Therefore, the total number of complications found is not specific or necessarily generalisable for single centres using a specific drain or technique of placement. Also, the majority of the studies included were retrospective cohort studies, which are reliant on the data collected, and may be subject to confounding, bias, and underreporting of complications. Finally, we separated the complications relatively into mild, moderate, and severe categories based on the risk of morbidity to the patient, but this classification is not validated and is based on the authors' clinical judgement.
In conclusion, our study provides an objective and systematic estimate of the risk of complications related to CSF drainage in patients undergoing open and endovascular TAAA/DTA repairs. As the number of total ischaemic spinal complications post-DTA and TAAA repairs decreases in the modern era, the number of preventable neurological injury also decreases. Knowing the risk of complications of CSF drainage is important for healthcare providers in order to evaluate the risk/benefit ratio in individual cases and better counsel the patients. Patients at relatively low risk for ischaemic spinal complications may be candidates to have aneurysm repair without the use of CSF drainage as an adjunct. A multidisciplinary discussion that weighs the risk of CSF drainage against the patients' individual risk of paraplegia should be performed before surgical or endovascular repair.
